We have carried out a band-resolved analysis of the optical absorption spectra of structural disorder in SiO 2 glass by using a first-principles method, where dominant orbitals involved in the absorption spectra can be analyzed. We provided a strong theoretical support to a model where heavily strained bonds in three-membered ring structures affect the fundamental absorption edge. We found that the main absorption peak induced by an oxygen vacancy can be ascribed to a transition between the occupied and unoccupied defect states consisting of Si-Si and neighboring O orbitals due to the structural disorder. The present scheme is effective for analyzing the relationship between microscopic atomic structures and macroscopic optical properties.
I. INTRODUCTION
Amorphous SiO 2 ͑SiO 2 glass͒ is one of the most important transparent materials for deep ultraviolet ͑duv, 200-300 nm͒ and vacuum ultraviolet ͑vuv, below 200 nm͒ light.
1,2 Its uv transmission limit determined by the fundamental absorption tail is located at 8-9 eV, which is the largest among the known amorphous oxides. Despite the low metallic impurity content in industrial products, the transmittance of synthetic SiO 2 glasses in the duv-vuv spectral region is often far from the theoretical limit determined by the fundamental absorption edge and the Rayleigh scattering. The main origin of the discrepancy lies in the structural defects formed in the manufacturing process or induced by exposure to the duv-vuv light. 3 The existence of these defects is very harmful for several industrial applications of SiO 2 glass. In optical fibers, the transmission loss due to the structural defects is significantly magnified because of the large optical path length. Thus, control of the structural defects in SiO 2 glasses is a key issue in developing optical fibers for use in the duv-vuv region.
Extensive experimental and theoretical studies have been devoted to structural defects in SiO 2 glass, and these defects can be classified into two categories. 4 The first is a defect defined as chemical disorder such as oxygen-deficient centers ͑ODCs͒ and EЈ centers, [5] [6] [7] [8] and the second is defined as physical disorder such as bond-angle deviations and various kinds of ͑Si-O͒ n ring structures. 9 Closed paths containing n Si-O bonds are referred to as n-membered rings, in contrast to the usual six-and eight-membered rings in crystalline quartz. Identification or characterization of the structural defects is made by various spectroscopic techniques such as optical absorption ͑OA͒ and photoluminescence ͑PL͒ spectra, and electron paramagnetic resonance ͑EPR͒ for paramagnetic defects. Among structural defects in SiO 2 glass, ODCs have been highlighted in several recent reviews. 1 There is a widely shared opinion that an optical absorption band with a maximum around 7.6 eV in SiO 2 glass can be ascribed to Si ODCs, 8 but this assignment is still being questioned. 10 On the other hand, Raman and optical spectroscopy measurements combined with EPR give us information about the relationship between the optical properties and the structural disorder. Several observations have suggested that the vuv transparency of SiO 2 glass depends on the Si-O-Si angle. In densified SiO 2 glass, the average Si-O-Si angle decreases 11 and the fundamental absorption edge shifts to the lowerenergy side. 12 The band gap of SiO 2 glass, which is smaller than that of crystalline ␣-quartz, 13 seems to be dominated by such structural disorder or defects. It is important to control the degree of disorder or densities of defects in SiO 2 glass to improve the transparency. But the origin of the fundamental absorption edge itself is still controversial. Thus we have to clarify the effects of the structural disorder or defects on the optical properties.
On the theoretical side, supercell band calculations based on density functional theory ͑DFT͒ have contributed to the understanding of the optical properties of solid materials through the sum-over-states formalism in spite of the limitations of the DFT. However, it is not so easy to clarify the relationship between the local structural features and the optical properties by such supercell calculations. In order to investigate the optical transition mechanism, Lee and co-workers proposed a so-called band-resolved analysis technique. 14, 15 Using this technique, the local contribution to the optical properties involved in the transitions at specific photon energies can be directly clarified within the band theory.
In this paper, in order to understand the microscopic origins of the fundamental optical properties of vuv-transparent SiO 2 glass, first, we perform a band-resolved analysis of the absorption spectra of SiO 2 glass with the usual continuousnetwork configuration. We analyze the main contribution to the fundamental absorption edge. Second, we examine the effects of a Si ODC on the absorption spectrum of SiO 2 glass, where defect-induced absorption peaks are analyzed. We deal with a neutral Si-Si dimer model as one possible model of the Si ODC.
II. METHOD
The present calculations on SiO 2 glass were performed by using our original computational code QMAS ͑Quantum MAterials Simulator͒. 16 We adopted the projector augmentedwave ͑PAW͒ method [17] [18] [19] with the generalized gradient approximation 20 ͑GGA͒ for the electronic exchange and correlation interactions. We dealt with a periodic cubic cell of nondefected amorphous SiO 2 ͑a-SiO 2 ͒ with the size of 11.32 Å and containing 32 Si and 64 O atoms. In Ref. 21 , an undefected model configuration at the experimental density of 2.20 g / cm 3 was generated by quenching, using a classical molecular dynamics method and subsequent relaxation using the first-principles norm-conserving pseudopotential ͑NCPP͒ method 22, 23 within the local density approximation ͑LDA͒. 24 We performed additional atomic relaxation of this configuration, keeping the cell size fixed, by using the present PAW-GGA scheme. It should be noted that the PAW-GGA scheme is more accurate than the NCPP-LDA scheme due to the higher transferability of the PAW potentials for various local environments. Also, for the optical properties, the PAW-GGA scheme is more robust because it includes the accurate radial behavior of wave functions near the nuclei. The plane-wave cutoff energy of 35 Ry was used. Of the k points, only the ⌫ point was used because of the large size of the supercell modeling an amorphous structure. We have confirmed that the present results are consistent with those obtained by using a 2ϫ 2 ϫ 2 k-point mesh. We also performed firstprinciples calculations of crystalline ␣-quartz ͑q-SiO 2 ͒ for comparison, with the same computational conditions, where one special k point per irreducible part of the Brillouin zone for structural optimization and an 8 ϫ 8 ϫ 8 mesh for the optical properties were used. In order to calculate optical properties, it is desirable to include a large number of unoccupied bands, and we adopted twice the total number of valence bands throughout this work. For crystalline ␣-quartz, we have confirmed that the top of the unoccupied bands is located at about 30 eV above the top of the valence band, and that the calculation of the dielectric constant is well converged ͑see Table II later͒. The complex dielectric function ⑀͑͒ = ⑀ 1 ͑͒ + i⑀ 2 ͑͒ is known to describe the linear optical response of the medium at all photon energies, e.g., the refractive index n, the extinction coefficient k, and the absorption coefficient ␣. These optical properties are calculated based on the independentparticle approximation, i.e., the excitonic effects and the local-field corrections are neglected. In order to obtain more accurate optical properties, we have to apply the GW method 25 or time-dependent density functional theory. 26 ,27 However, it is not possible to apply such schemes to large cells. The imaginary part of the dielectric function can be calculated using the momentum matrix elements that describe the electronic transition between the valence and conduction bands in the crystal. The formula is given by
where VB and CB label valence-band and conduction-band states of the energies E k VB and E k CB for each k point, respectively, w k is the kth point weighting, ⍀ is the crystal volume, and p are the momentum matrix elements from the selfconsistent band structure within the PAW formalism. The real part of the dielectric function can be extracted from the imaginary part using the Kramers-Kronig relation:
where P is the principal value of the integral.
Here we give a brief summary of our band-resolved analysis scheme. 14 The absorption coefficient ␣ can be calculated as
where A =4 / ⍀n͑͒c. The refractive index n͑͒ in the denominator is evaluated from ⑀ 1 and ⑀ 2 . This is decomposed into two types of representation of orbital contributions for valence and conduction bands, respectively, by changing the summing sequences as
We call the band-by-band decomposed absorption coefficients ␣ k VB and ␣ k CB the "band-resolved" partial absorption coefficients. By using the terms
in Eqs. ͑4͒ and ͑5͒, the normalized band-resolved partial absorption is obtained. Finally the distribution of partial absorption for each electronic level can be plotted through the
This can clarify the orbital contribution to the electronic transition at a specific photon energy in terms of the peak height.
Here it should be noted that the ␦ function of ␦͑E k CB − E k VB − ប͒ is replaced by a Gaussian of 0.1 eV in practical computations of Eqs. ͑3͒-͑5͒ to prevent artificial effects of the supercell, namely, the discrete energy distribution of eigenstates. This scheme can also be regarded as the accumulation of the absorption processes for the photon energies with a Gaussian distribution and a center ប.
However, this point does not affect the physical features if the supercell size is sufficiently large.
We also perform so-called real-space partial electron density analysis of absorption. 15 In the PAW method, the allelectron wave function ⌿ k b is derived from the pseudo-wavefunction ⌿ k b by means of a linear transformation [17] [18] [19] 
The index i is a shorthand for the atomic site R, the angular momentum numbers L = l , m, and an additional index referring to the reference energy. The all-electron partial waves i , the pseudo-partial-waves i , and the projector functions p i are obtained for a reference atom. The real-space partial electron density of absorption at the photon energy of ប can be evaluated using the partial contribution ␤ k b in a similar way to evaluation of the all-electron total charge density ͑for details we refer to Refs. 17-19͒,
For a given energy or frequency in absorption spectra, one can obtain the three-dimensional density distributions of wave functions of the occupied and unoccupied states directly involved in the optical absorption process. These should provide great insight into the relation between the local configuration and the optical properties.
III. RESULTS AND DISCUSSION

A. Undefected supercell
The short-range structural parameters of the a-SiO 2 configuration obtained by the PAW-GGA scheme are listed in Table I , as compared with those by the NCPP-LDA scheme. 21 The differences are rather small. The switching to the PAW-GGA scheme results in a slight increase of the averaged Si-O bond length. This does not induce any serious problem for the fixed cell size, because of the absorption by the rotation of SiO 4 tetrahedral units. Figure 1 shows the density of states ͑DOS͒ of a-SiO 2 as compared with q-SiO 2 . The features are very similar to our previous results. 21 The lowest band from −19 to −17 eV is the O 2s band, the middle band from −10 to −4 eV is the O 2p and Si sp 3 hybrid bonding band, and the highest band from −3 to 0 eV is the O 2p nonbonding band. The DOS of a-SiO 2 has a similarity to that of q-SiO 2 because of the similar short-range order. However, there are substantial differences. In a-SiO 2 , the peaks at the lower part of the Si-O bonding band and the peak at the bottom of the O 2p nonbonding band are smeared out. As for the conduction band, the DOS from 10 to 15 eV of a-SiO 2 has a broad band structure, but that of q-SiO 2 has well-separated peaks. The most significant difference is the shape of the conduction-band edge. The changes of the DOS from q-SiO 2 to a-SiO 2 are consistent with other firstprinciples results, 28, 29 and in good agreement with the observed changes in the x-ray photoelectron spectroscopy ͑XPS͒ spectra. 30 The electronic properties of a-SiO 2 and q-SiO 2 are summarized in Table II . The band gap values of q-SiO 2 and a-SiO 2 obtained from the Kohn-Sham eigenvalues are smaller than the experimental values because of the shortcomings of the DFT. We obtained a reduction of the gap value from the crystalline to amorphous phase as 0.33 eV, which is a little smaller than the experimental one of about 0.5 eV. 31 The dielectric constant ⑀ 1 at 0 eV for q-SiO 2 is 2.51, which is slightly larger than the experimental value. This is caused by the underestimated energy gap. The dielectric constant of a-SiO 2 is smaller than that of q-SiO 2 . This reduction from the crystalline to the amorphous phase is consistent with the experimental reduction from 2.40 to 2.10. experimental ones due to the underestimation of energy gaps obtained from the Kohn-Sham eigenvalues. The absorption of a-SiO 2 at 5.59 eV, which is the energy gap obtained from the Kohn-Sham eigenvalues, is very small. If we define the fundamental absorption edge as the photon energy at the absorption value of 100 cm −1 , the absorption edge is 6.35 eV for the present a-SiO 2 model and 7.00 eV for q-SiO 2 . This reduction from q-SiO 2 to a-SiO 2 is a little larger than the experimental one of 0.5 eV. 31 The fundamental absorption edge is larger than the energy gap obtained from the Kohn-Sham eigenvalues. This means that the transition from the valence-band maximum ͑VBM͒ to the conduction-band minimum ͑CBM͒ does not occur. Figure 3 shows the partial electron densities of the VBM and CBM states. As mentioned above, the highest valence band is the O 2p nonbonding band. The electron density of the VBM is located on oxygen atoms with p-like shapes. The electron density of the CBM is also located on oxygen atoms with s-like shapes. We cannot find apparent localization of the electron density to specific local atomic groups. The distribution on oxygen atoms is quite different between the VBM and the CBM, and thus there should be negligible transition from the VBM to the CBM. This point is also supported by our computation of the transition matrix between the VBM and CBM states. The square of the matrix element is 0.000 as compared with 0.010 for the absorption at ប = 7.3 eV ͑from the state of −1.76 eV to the CBM͒.
In order to analyze the origin of the fundamental absorption edge in a-SiO 2 , we carried out a band-resolved analysis of the absorption spectrum at 6.35 eV using Eqs. ͑4͒-͑7͒ as shown in Fig. 4 . For the valence band, peaks are distributed from −1.0 to −0.6 eV and the highest peak is located at −0.84 eV. For the conduction band, only one peak can be seen at 5.59 eV, which is the CBM state. The energy difference between the highest peak in the valence band and that in the conduction band is 6.43 eV, and the main contribution to the absorption edge is the transition between these two states. Figure 5 shows the real-space partial electron densities of the states involved in the absorption at 6.35 eV for a-SiO 2 , obtained by Eqs. ͑9͒ and ͑10͒. For the valence band, the electron density is greatly enhanced on oxygen atoms constituting three-membered rings, although this feature could not be seen in Fig. 3͑a͒ for the VBM. The three-membered rings ͑A͒ and ͑B͒ in Fig. 5 contain three Si-O-Si bond angles of 118.4°, 121.9°, and 133.5°, and of 124.8°, 125.2°, and 127.5°, respectively. These bond-angle values are much smaller than the averaged value 143.0°in Table I . Pasquarello et al. obtained similar results on the small rings, where the averaged Si-O-Si bond angle in the threemembered rings is 128.4°and is smaller than the averages over the whole sample. 33 As for the conduction band, the electron density is also located on oxygen atoms constituting three-membered rings, although the feature of localization is rather weak. Figures 3͑b͒ and 5͑b͒ are basically the same and only the direction of the eyes is different. These features of localization come mainly from the wave function of the electronic states that have the highest peak in the valence and the conduction bands in Fig. 4 .
Two sharp lines marked by D 1 = 495 cm −1 and D 2 = 606 cm −1 can be observed in SiO 2 glass with Raman spectroscopy, resulting from symmetric breathing modes of four-membered ͑D 1 ͒ and three-membered ͑D 2 ͒ ring structures. 34, 33 The Si-O-Si bond angles in these small rings are heavily strained. Fluorine doping into dry SiO 2 glasses effectively enhances transmittance at 7.9 eV by narrowing the Si-O-Si distribution. 35 Thus it may be considered that the vuv absorption edge of SiO 2 glass is seriously affected by the concentration of strained Si-O-Si bond angles associated with such small rings. Our amorphous model contains two three-membered and two four-membered rings in the supercell, and the averaged value of Si-O-Si bond angles in the four-membered rings is 138.8°, which is much larger than that in the three-membered rings. The valence wave functions involved in the fundamental absorption edge are mainly localized in the three-membered rings as shown in Fig. 5 . The present results indicate that the transition from the 2p nonbonding states of oxygen atoms in heavily strained threemembered rings contributes to the fundamental absorption edge.
B. Oxygen-deficient centers
In order to form an oxygen vacancy, we removed one oxygen atom from a Si-O-Si network in the present a-SiO 2 supercell as in our previous paper. 21 In the relaxed atomic configuration at the Si ODC, the reconstructed Si-Si bond length is 2.382 Å, which is very similar to 2.427 Å obtained by the NCPP-LDA scheme. 21 The surrounding six Si-O bonds are stretched by inducing the ODC, where the averaged bond length is changed from 1.625 to 1.651 Å. The features of the local configuration of the Si-ODC are in good agreement with previous first-principles calculations using cluster models [36] [37] [38] [39] [40] [41] and periodic cells. [42] [43] [44] [45] They show that the removal of an oxygen atom from the lattice leads to the formation of a Si-Si bond with the length of ϳ2.5 Å. 36 In the DOS of the Si ODC system shown in Fig. 6 , there are remarkable increases at the VBM and near the CBM as indicated by arrows. These changes are caused by the generation of one occupied and one unoccupied defect states accompanied by the removal of bulklike Si-O states and O 2p nonbonding states. The occupied state of the Si ODC exists at 0.49 eV above the bulk VBM of the undefected system, which is similar to 0.56 eV obtained by the NCPP-LDA scheme. 21 The increase in the DOS near the CBM has a peak around 6.7 eV. Note that the CBM is located at 5.65 eV, namely, 5.16 eV above the occupied defect level. Figure 7 shows the calculated optical absorption spectra of the a-SiO 2 systems with and without the Si ODC. We can see the remarkable changes of the absorption in a wide energy range from 5.7 to 8.6 eV, where the absorption spectrum of the Si ODC system has a peak with a maximum at 6.15 eV. If we define the fundamental absorption edge as the photon energy at the absorption value of 100 cm −1 , the absorption edge for the present Si ODC system is 5.73 eV, in contrast to 5.16 eV obtained as the minimum Kohn-Sham gap and to 6.35 eV of the undefected structure. In order to analyze the contributions to the changes in the absorption spectrum, we carried out a band-resolved analysis at the energies of 5.73 and 6.15 eV. Figure 8 shows the band-resolved partial absorption of the Si ODC system at 5.73 and 6.15 eV for the valence and conduction bands. In the case of 5.73 eV ͑the absorption edge͒, the highest peaks are located at 0.49 eV for the valence band and 6.7 eV for the conduction band. In the case of 6.15 eV ͑the maximum of the increased absorption͒, the highest peaks are located at 0.49 and around 6.7 eV. It is clear that the transitions occur from the occupied defect state for both cases.
We now consider the real-space partial electron densities of the states involved in the absorption at 5.73 eV shown in Figs. 9͑a͒ and 9͑b͒. The electron density for the valence band is strongly localized at the Si ODC, i.e., the Si-Si bond and neighboring O atoms. This corresponds to the occupied defect state consisting of a Si-Si bonding orbital and hybridization with surrounding O 2p orbitals. In Fig. 9͑b͒ , the partial electron density for the conduction band is also located at the Si-Si bond and O atoms. However, the electron density is rather extended to neighboring atoms. Figures 9͑c͒ and 9͑d͒ show the real-space partial electron densities involved in the absorption at 6.15 eV. For the valence band, the electron density corresponds to the occupied defect state, similar to the case of Fig. 9͑a͒ . The electron density for the conduction band in Fig. 9͑d͒ clearly corresponds to the unoccupied defect state around 6.7 eV shown in Fig. 6 . The density distribution on the neighboring O atoms has an s-like shape and that at the Si-Si bond has features of antibonding orbitals. It is interesting that this unoccupied defect state with rather localized features exists inside the band.
In this way, the absorption edge of the Si ODC system at 5.73 eV, which is about 0.6 eV lower than that of the undefected a-SiO 2 , is dominated by the transition from the occupied defect state to a rather extended state around the defect. The maximum peak of the increased absorption at 6.15 eV is dominated by the transition from the occupied defect state to the unoccupied defect state.
From a large number of theoretical calculations based on cluster models, 36, 46 it was widely believed that an optical ͑Color͒ Real-space partial electron densities that contribute to the absorption of the Si ODC system at 5.73 eV for ͑a͒ the valence and ͑b͒ the conduction band and at 6.15 eV for ͑c͒ the valence and ͑d͒ the conduction band. The isosurfaces are plotted at 0.004 electrons/ a.u. 3 for the valence band and 0.002 electrons/ a.u. 3 for the conduction band.
absorption at around 7.6 eV corresponds to the transition between the Si-Si bonding and antibonding ‫ء‬ states. Our present results indicate that the Si ODC indeed generates a new absorption peak below the fundamental absorption edge of a-SiO 2 , through the transition between the occupied and unoccupied defect states. However, these defect states are not simply described by Si-Si bonding or antibonding orbitals, but with substantial hybridization with neighboring O orbitals due to structural disorder.
In the present work, our aim is to apply our scheme of optical-property analysis of the local configuration to one probable configuration of the oxygen vacancy. Note that the present configuration is consistent with other theoretical results. Of course, the defects in amorphous materials exhibit a very rich structure because of the large variation in local bonding, 45 and it is desirable to analyze the statistical probability in order to understand the whole nature of the oxygen vacancy. Furthermore, there exist many kinds of oxygendeficiency-related defects. 8 The examination of such various defect configurations is beyond the scope of the present paper. We believe that our band-resolved scheme may be useful for the understanding of the optical properties of such defects.
IV. CONCLUSION
We analyzed pairs of valence-band and conduction-band states that contribute to the optical absorption using a bandresolved scheme in order to understand the effects of the structural disorder on the optical properties. We found that the partial electron density that contributes to the absorption edge in our amorphous SiO 2 model is localized on some oxygen atoms with heavily strained Si-O-Si bond angles constituting three-membered rings, and that the nature of a new absorption peak induced by an oxygen-deficient center ͑Si ODC͒ can be ascribed to a transition not simply between Si-Si bonding and antibonding states, but between realistic defect states consisting of Si-Si and neighboring O orbitals due to the structural disorder.
